OBJECTIVES: To investigate the ®bre type composition of skeletal muscle in infants and young children and to compare the ®ndings to an adult population. To relate the ®bre type pro®le of skeletal muscle in adults to measures of adiposity. DESIGN: Cross-sectional studies of skeletal muscle ®bre composition in infants and adults with measures of adiposity in the adults. SUBJECTS: 21 healthy infants and young children (age: 3±21 months) and 40 healthy adult Australian Caucasians (age: 26±62 y; BMI: 18±48 kg/m 2 ). MEASUREMENTS: Skeletal muscle ®bre type composition (by myosin ATPase method) and relative body fatness (BMI, waist circumference and waist/hip ratio (WHR)). RESULTS: Infants and young children had signi®cantly lesser proportions of glycolytic Type 2b ®bres (6.2 AE 1.1%; range 0.3±18.9%) compared with adults (20.5 AE 1.6%; range 4.9±36.0%) (p`0.0001). The percentage of Type 2b ®bres was directly related to BMI (r 0.44, p 0.02), waist circumference (r 0.49, p 0.009) and WHR (r 0.44, p 0.02) in adults. A signi®cant, direct relationship was also found between the proportion of glycolytic Type 2b ®bres and age in the adults (r 0.45, p 0.01). CONCLUSION: Skeletal muscle ®bre type composition is different in infants and adults and there is an age-dependent increase in Type 2b ®bres over the lifespan. An increased proportion of glycolytic Type 2b ®bres is associated with obesity in adults. Results support a gene-environment interaction on ®bre type composition in human skeletal muscle.
Introduction
Skeletal muscle is the most important tissue for insulin-stimulated glucose disposal 1 and contributes substantially to whole-body energy expenditure. 2 Different elements of skeletal muscle morphology have been linked to insulin action and obesity, and there is mounting evidence that skeletal muscle ®bre type composition may be an aetiological factor in the development of obesity. 3±6 The initial study in this area 3 and the most recent report 6 showing an association between the proportion of glycolytic Type 2b ®bres and obesity were conducted in Pima Indian populations. While other recent reports of largely Caucasian populations support this association, 7, 8 negative reports have also appeared 9, 10 and so controversy remains.
Both genetic and lifestyle factors are likely to in¯uence muscle ®bre type composition. While there has been some earlier uncertainty over the genetic contribution to skeletal muscle ®bre type composition in humans, 11, 12 more recent evidence, 13 based on a larger sample size, has assigned almost equal contribution to genetic and environmental in¯uences. Few studies have examined the morphology of muscle ®bre type composition in infants and young children where the genetic in¯uence would presumably predominate. Of those available, most investigators have dealt with dystrophic muscle. 14±19 Skeletal muscle biopsy samples from healthy, well-nourished infants and young children are very dif®cult to obtain due to many ethical considerations and so this study is somewhat unique in that the young subjects range in age from 3 to 21 months. Furthermore, the literature on change in muscle ®bre type composition with age in adult populations is limited. Some studies show a decline in the percentage of Type 2 ®bres 20,21 while others show no change. 22±25 However, Type 2a and Type 2b ®bres have not generally been distinguished in the previous work. This is critical in the context of the present focus on obesity where Type 2b ®bres are associated with obesity and insulin resistance while Type 2a ®bres are metabolically more aligned with Type 1 ®bres.
The present study has four aims: 1) to report muscle ®bre type composition in well-nourished infants and young children; 2) to determine the differences in muscle ®bre type composition between adults and infants; 3) to con®rm the relationships between muscle ®bre type composition and adiposity in an adult population; and 4) to compare the results in this largely Caucasian population with those obtained previously from Pima Indians.
Methods

Subjects
Twenty one infants and young children aged 3±21 months, with no history of problems in weight gain, feeding dif®culties, signi®cant systemic disease, major congenital malformations or previous surgery, were recruited at the time of admission for elective surgery at the Royal Alexandra Hospital for Children, Camperdown, Sydney as part of an on-going study. Length measurements (AE1 cm) were made with an infantometer (Holtain Ltd., Crymmych, Dyfed, Wales). Weight measurements (AE0.01 kg) were made with electronic scales with infants wearing minimal clothing. Length and weight measurements were compared with the National Center for Health Statistics reference population. 26 These measurements were normalised by being expressed as SD scores. 27 The adult subjects in this study were 40 healthy Australian volunteers aged between 26±62 y. The adult subjects were recruited from on-going studies investigating whole-body metabolism in adult Australian Caucasians at the Royal Prince Alfred Hospital, Camperdown and the Garvan Institute, St. Vincent's Hospital, Darlinghurst, Sydney.
The parents of the infants and young children and the adult subjects themselves gave written, informed consent for the procedures. Studies were approved by the Human Ethics Committees of the respective institutions.
Body fatness measurements
The anthropometric measurements performed on the adult subjects included BMI (weight/height 2 (kg/m 2 )), waist circumference and waist-to-hip ratio (WHR). The adults' height, weight and waist circumference were determined on the day of the muscle biopsy. The waist circumference was measured at the narrowest circumference of the abdomen in the mid auxillary line, while the hip circumference was measured at the largest point around the buttocks. The WHR was determined as the ratio of waist circumference to hip circumference.
Muscle biopsies
Open muscle biopsy: As mentioned previously, infants and young children were recruited as part of an on-going study in our laboratory and many ethical considerations were addressed in relation to obtaining skeletal muscle biopsy specimens. Muscle biopsies (40±200 mg) were obtained from the infants and young children during elective surgery. The type of surgery from which skeletal muscle was obtained included correction of congenital talipes (abductor hallucis, n 13) and various forms of cardiovascular, urological and abdominal surgery (rectus abdominis, n 1; latissimus dorsi, n 6; and external oblique, n 1, respectively).
Percutaneous muscle biopsy: A percutaneous biopsy of the vastus lateralis muscle was obtained from each adult subject (40±150 mg) according to the method of Bergstro Èm. 28 Both the infant and adult muscle biopsies were examined under a low-powered microscope to determine muscle ®bre orientation. Using this orientation the specimen was then mounted in an embedding matrix (Tissue Tek, Bayer Diagnostics, Sydney, Australia) and frozen in isopentane (BDH, Sydney, Australia) which had been cooled in liquid nitrogen and stored at 770 C for further analysis. All muscle analyses were performed at the Royal Prince Alfred Hospital, Camperdown, Sydney.
Muscle ®bre type composition analysis: Serial muscle sections of 10 mm thickness were cut using a cryostat microtome (Leica, Nussloch, Germany) at 720 C. Skeletal muscle ®bre type proportions were determined in the samples using the standard histochemical myosin ATPase method of Brooke and Kaiser. 29 Brie¯y, the muscle sections were preincubated at pH 4.3, 4.6 and 10.3 and ®bres were classi®ed as Type 1, Type 2a or Type 2b according to Brooke and Kaiser. 29 
Statistics
All data are expressed as the mean AE SEM. All statistical analyses were performed using Statview II statistical package (Abacus Concepts Inc., Berkely, CA, USA). The relationships between variables in this study were analysed by simple correlation and signi®cance determined by F test.
Results
Subject characteristics
Mean values (AESEM) for age, weight and height, weight and length SD scores (infants and young children), and variables of muscle ®bre type composition can be found in Table 1 . The adult subjects ranged in age from 26±62 y and BMI ranged from 17.8 to 47.7 kg/m 2 in this study population.
Fibre type composition in infants and adults AD Kriketos et al Fibre composition over the lifespan As Table 1 shows, there was a marked difference in ®bre type composition between children and adults. Children had a markedly lower percentage of Type 2b ®bres (6.2 AE 1.1% versus 20.5 AE 1.6% in adults; p`0.0001). Conversely, the children had higher proportions of Type 1 and Type 2a ®bres (Table 1 ). There was no signi®cant difference in the results of the ®bre type composition between genders in either the infant or adult groups, and no difference was seen in ®bre type composition as a result of a different ratio of males to females in the two separate age groups. There were no signi®cant relationships between ®bre type compositions of skeletal muscle and the age of the infants and young children. Figure 1 depicts the changes in the proportions of Type 2b ®bres of skeletal muscle from each adult subject with age and is plotted together with the mean percentage of the infant and young children group (mean age 0.68 y). Regression analysis of age versus the percentage of Type 2b ®bres in the adults produced a linear regression line that extended through the mean (AESEM) value of the percentage of Type 2b ®bres in the infants and young children. It is important to note that the regression line in Figure 1 was calculated on the relationship between age and the percentage of Type 2b ®bres in the adult population only. The mean (AESEM) value of the percentage of Type 2b ®bres in the infants and young children has been added to Figure 1 to emphasise the lower proportion of Type 2b ®bres in the younger population and to speculate on the possibility of an age effect on ®bre type composition in human skeletal muscle. Age was not signi®cantly related to the percentage of Type 1 ®bres in the adult population. Age was inversely related to the proportion of Type 2a ®bres (r 70.48, p 0.007).
Muscle ®bre type composition in relation to adiposity in adults Skeletal muscle ®bre type composition was signi®cantly related to measures of adiposity in the adult population (see correlation matrix in Table 2 ). In particular, the percentage of Type 2b ®bres was signi®cantly related to BMI (r 0.44, p 0.016), WHR (r 0.44, p 0.022) and to waist circumference (r 0.49, p 0.009). Because of gender differences in Figure 1 The percentage (%) of Type 2b ®bres in human skeletal muscle from Australians (closed circles) and Pima Indians (triangle) over a life time (age in years). The mean AE SEM % of Type 2b ®bres in skeletal muscle in a previously reported Pima Indian population 6 was 31.5 AE 1.8%. The standard errors have been omitted for this population due to small values. The mean AE SEM of Type 2b ®bres in infants and young children has been included. Step-wise regression analysis showed that age and the percentage of Type 2b ®bres contributed equally to BMI in the adults, together explaining 21% of the variance. Age and the percentage of Type 2b ®bres also both contributed independently to the variance in waist circumference and together explained 33% of the variance, with age being the stronger determinant. A partial regression analysis of the relationship between BMI and the proportion of Type 2b ®bres with an adjustment for age was also done and the relationship was still found to be signi®cant ( p 0.01). Therefore, increased body fatness is related to increased proportions of glycolytic Type 2b ®bres and reduced proportions of Type 2a ®bres. No signi®cant relationships were found between the percentage of Type 1 ®bres and any measure of adiposity in this adult population.
Discussion
The present results con®rm and extend previous studies which have shown relationships between muscle ®bre type and obesity in adult humans. 3, 4, 6, 7 In particular, the consistent ®nding in this and other studies has been an increased proportion of Type 2b ®bres relating directly to increased body fatness and insulin resistance. 3, 6, 7 A unique ®nding in the current study was the signi®cantly decreased proportions of Type 2b ®bres found in infants and young children in comparison to adults.
A signi®cant upwards drift in the proportion of glycolytic Type 2b ®bres with age was shown in adults (Figure 1 ), while age was inversely related to the percentage of Type 2a ®bres. Age was not signi®cantly related to the percentage of Type 1 ®bres. Muscle ®bre type transformations of the order Type 2b to Type 2a are known to occur with increased physical activity while transformation into Type 1 ®bres does not normally occur. 30 The present ®ndings are consistent with reduced levels of physical activity with age in the general population which may alter ®bre type composition towards a greater proportion of Type 2b ®bres ± ®bres which have a reduced capacity for fat utilisation.
A number of previous studies have looked at changes in ®bre type proportions with age. The results have been somewhat con¯icting, with some showing a decline overall in proportion of Type 2 ®bres, 20, 21 with others showing no change. 22±25 Finally, in a young group of subjects (aged 5±20 y), Type 2 ®bre type proportion increased with age. 31 However, most of the studies have not differentiated between Type 2a and Type 2b ®bres. The distinction is important given the very different oxidative capacities, and ability to use lipid for energy, between these ®bre types. 6 One issue limiting the conclusions that can be drawn from the comparisons of adults and children is the inability to obtain vastus lateralis muscle biopsies in children ethically. However, comparison of the muscle ®bre type composition of vastus lateralis muscle from our laboratory and that of an abdominal muscle (rectus abdominis) from a recent study by Hickey et al.
32
, showed minimal differences (16% versus 20% Type 2b ®bres) in the ®bre type composition of these different muscle groups from subjects of similar age. Similarly, in the children of this study, two different muscle groups of substantial sample size (abductor hallucis, n 13; and the abdominal muscle, latissimis dorsi, n 6) were analysed and, again, no signi®cant differences were seen in the proportion of Type 2b ®bres (7.1% versus 5.4%). This strongly suggests that the child/adult differences in Figure 1 are likely to be a very real phenomenon that extends to a range of skeletal muscles in humans. Lexell and his co-workers 33 have reported that the distribution of different ®bre types varies within a muscle, mainly as a function of depth, with a predominance of Type 2 ®bres at the surface and Type 1 ®bres in deeper regions of the muscle. Thus, the ®bre type distribution is not random and while every endeavour was taken during the collection of muscle biopsy samples to ensure consistency, this must be taken into consideration when data on ®bre type composition are compared with functional variables. No determination of the coef®-cient of variation of repeated biopsies from a single subject was made during this study.
An even stronger relationship was found between the proportion of Type 2b ®bres and another measure of adiposity, waist circumference, in adults (r 0.49, p 0.009). This is interesting in that visceral adiposity has been linked to many diseases, including cardiovascular disease, hypertension, hyperlipidaemia, as well as to insulin resistance with increases in the content of abdominal fat being directly related to the increased risk of these diseases. 34 As some suggest, obesity may result in part from a chronic imbalance between excess fat intake and reduced fat utilisation. 35 The observed relationships between measures of adiposity and the proportion of Type 2b ®bres in the present study are consistent with this hypothesis. Type 2b ®bres are glycolytic in nature and have a reduced capacity for fat oxidation which may predispose them to fat accumulation. A vicious cycle may thus emerge, with the decline in fat utilisation leading to obesity, leading to reduced physical activity and promoting an even greater proportion of Type 2b ®bres.
In the younger population a signi®cant difference in the ®bre type composition compared to the adult population was found, yet in this younger group, environmental in¯uence would be at a minimum as the infants have not as yet been exposed to a signi®cant level of physical activity. The percentage of Type 2b ®bres in vastus lateralis muscle in a previously reported study involving Pima Indians 6 was signi®cantly increased in comparison to the results from adults in the current study. The mean percentage of Type 2b ®bres from this Pima Indian population was included in Figure 1 in order to highlight the issue of a gene-environment interaction in muscle ®bre type composition. The questions raised, are whether infant Pima Indians would have a higher percentage of Type 2b ®bres compared to the infants in the present study (suggesting a strong genetic in¯uence), or whether there is a more rapid drift upwards in the percentage of Type 2b ®bres with age (suggesting an environmental in¯uence or an environment-gene interaction).
What ultimately drives skeletal muscle ®bre type composition remains unknown; however, alterations in sympathetic nervous activity are one plausible candidate. Reduced sympathetic nervous system activity plays a causative role in several modes of obesity in rodents. 36, 37 A recent study in humans examined the relationship between sympathetic neural out¯ow to skeletal muscle and body composition. 38 In this study, Pima Indians had lower muscle sympathetic nerve activity than the Caucasians and the authors concluded that this may play a role in the aetiology of obesity in Pima Indians. 38 Altered sympathetic nervous system innervation of muscle ®bres may play an important role in determining muscle ®bre type composition. Cross-nerve innervation studies in which nerves from a fast-twitch muscle are joined to a slow-twitch muscle, or vice versa, result in profound changes in ®bre type composition in the reinnervated muscle. 39 Studies aimed at altering nervous system activity and assessing effects on muscle ®bre type composition would be instructive.
Conclusions
This study has supported and extended previous work showing a direct relationship between Type 2b ®bres and increased body fatness. Furthermore, a unique ®nding of this study was the signi®cant gradual increase in Type 2b ®bres over the lifespan. This is supported by the differences between the ®bre type composition of skeletal muscle in young children and adults. Finally, the present results may give some insight into the aetiology of obesity in Pima Indians. The current study supports a gene-environment interaction playing an important role in the development of obesity in humans. However, further work (e.g. longitudinal studies of human skeletal muscle morphology) is required to substantiate the conclusions and to provide deeper insights into the factors that affect the aetiology of obesity in humans.
